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Abstract— The earlier research shows that the electrical 
capacitance sensor through the tomography technique is 
applicable in flow visualization or image reconstruction, named 
as Electrical Capacitance Tomography (ECT). ECT can be used 
for imaging industrial multi-component processes involving non-
conducting fluids and solids in pipelines. The electrical 
capacitance sensor is a non-invasive device that uses non-
intrusive technique to measure the concentration of flow inside a 
closed pipe by measuring variations in the dielectric permittivity 
of the material. The capacitance of the sensor changes when the 
mean dielectric constant between the electrodes varies due to 
variations in the percentage of gas and liquid flowing in the pipe.
The acquired concentration profile that obtains from capacitance 
measurements is able to imaging liquid and gas mixture in 
pipelines, meanwhile the system development is designed to 
attach on a vessel. The electrode plates which act as the sensor 
previously has been assemble fixed on the pipeline, thus it causes 
difficulty for the production to have any new process installation 
in the future. Therefore on-board sensing plate offers a new 
design and idea on ECT system which is portable to be assembled 
in different diameter sizes of pipeline, and it’s flexible to apply in 
any number due to different size of pipeline without redesign the 
sensing module. The on-board sensing plate development 
contains signal conditioning circuit and sensing electrode built in 
a single module (embedded on single plate). In this paper, the 
details on fabricating the sensors electrodes, had been described, 
including signal conditioning circuit/electronic part of 
measurement, such as stray immune capacitance measurement 
circuit, amplifying circuit, AC to DC converter circuit and filter 
circuit. 
Keywords-component; capacitance sensor, portable electrode,   
on-board sensing module, signal conditioning circuit. 
I. INTRODUCTION
Any two adjacent conductors can be considering as a 
capacitor, and different dielectric properties between the 
conductors will create different capacitor value.  An ECT 
system is able to obtain information about the contents of 
vessels, based on measuring variations in the dielectric 
properties of the flowing material inside the vessel.  ECT can 
be used with vessels of any cross-section, but most work to-
date has used circular geometries [1]. Basically any two 
adjacent conductors can be considering as a capacitor, and 
different dielectric properties between the conductors will 
create different capacitor value as in (1), the sensors usually 
consist of two electrode plates and the capacitance.  The 
measurement is determined by: 
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Where 
C = capacitance (F) 
ε0 = permittivity of free space 
εr = permittivity of the dielectric 
A  = area of the plate 
dp = the distance between those plates 
    The ε0 and εr are the global average of the fluid dielectric 
property over the entire sensing volume of the sensor or better 
known as permittivity [2].  If the area of the plate and the 
distance between them are known, by measuring the 
capacitance; we are effectively measuring the dielectric 
constant.  In this case, capacitance value is thus proportional to 
the permittivity in between the electrodes.  In order to improve 
the signal-to-noise ratio (SNR) of the measurement, the 
sensing area of the electrodes can be increase [3]. The 
requirements for the tomographic imaging is that the sensors 
should facilitate multiple and localized measurement 
throughout the region of investigation.  This implies that 
multiple electrodes should be arranged around the boundary of 
the region and the capacitance between all the combination 
pairs of the electrodes should be measured in order to perform 
a ‘body scan’ of the imaging volume. 
An ECT sensor consists of a set of measurement electrodes 
mounted symmetrically inside or more typically outside an 
insulation pipe [4].   A typical ECT system consists of a sensor 
built up from 8, 12 or 16 electrodes, capacitance measurement 
circuit, central control unit and a control PC [5].  The 
electrode which is normally built from conductive plate acts as 
sensing surface that direct contact to the measuring area. The 
electrode provides excitation signals and converts the 
capacitances readings into voltage signals, which are 
conditioned by capacitance measuring circuit and then 
digitized for data acquisition 
 The capacitance measuring circuit or known as signal 
conditioning circuit is used to collect the data and convert the 
measurement readings to digital. The signal conditioning 
system consists of several parts, such as capacitance 
measurement circuit, amplifying circuit, filter circuit and 
finally AC to DC converter circuit. A central control unit is 
designed to synchronize all the operations and transfer the data 
to a control PC. A control PC that receive the measurements 
reading will store the acquired data, reconstruct images from 
the integral measurements and take action feedback to control 
the flow.  The topology of an ECT system is shown in Fig. 1.   
 ECT is appropriate for imaging industrial multi-component 
processes which involve non-conducting flow materials. The 
main principle in ECT is based on the standing capacitance, 
which is a function of the permittivity of the medium between 
the electrode plates over the entire sensing volume [6]. The 
spatial resolution of a tomographic imaging system depends 
on the number of independent measurements and fineness of 
sensitivity focus for each measurement. The measured values 
or data will be manipulated to reconstruct the cross sectional 
image of the pipeline by computer programming [7]. This 
paper will focus on the sensing module development in order 
to visualize the cross sectional image of the flow inside a 
closed pipe. 
II. SENSOR ELECTRODES CONFIGURATION
 There are two choices of placing the electrodes, in which 
capacitance electrodes can be either mounted inside or outside 
the vessel or pipeline.  Usually, a sensor with internal 
electrodes is applied in case of a metal-walled vessel.  The 
advantage of internal electrodes is the components of 
capacitance due to the electric field inside the sensor will 
always increase in proportion to the material permittivity 
regardless of the pipeline’s material or thickness factor [8].  
Thus a sensor with internal electrodes will have superior
electrical performance to one using external electrodes.  
However, the installation and construction of electrode inside 
the vessel will be much more difficult compare to external 
electrode due to its complexity design and limited space.  
Since the target of this research concentrates on design ECT 
system with portable and mobile ability, thus external 
electrodes must be chosen instead of internal electrodes.  The 
determination on the number of electrodes around the 
circumference of the pipeline is a tradeoff between axial and 
radial resolution, sensitivity and image capture rate. For 
example, the electrode surface area per unit axial length 
decreases and the inter-electrode capacitances also decrease as 
the number of electrodes increases.   
Figure. 1 ECT system topology 
Standing capacitance, when the vessel contain a low-
permittivity material, for adjacent electrodes have the largest 
values while diagonally opposing electrodes have the smallest 
standing capacitances [9]. When the smallest of these 
capacitances (for opposite electrodes) reaches the lowest value 
that can be measured reliably by the capacitance circuitry, the 
size of electrodes, and hence the image resolution, can only be 
increased further by increasing the axial lengths of the 
electrodes.  However, these lengths cannot be increased 
indefinitely because the standing capacitances between pairs 
of adjacent electrodes will also increase and the measurement 
circuitry will saturate or overload once the highest capacitance 
measurement threshold is exceeded. Thus the measurement 
sensitivity of capacitance sensor is proportional to the 
electrode area. As the size of electrode reduce, signal noise to 
ratio (SNR) will be reduce, nevertheless to improve SNR the 
size of electrode need to be increased (Chan Kok Seong, 2008) 
[10]. Thus the minimum size is limited by the noise level of 
the data acquisition system given dimension of the imaging 
volume, if the electrode size has to be reduced as the total 
number of electrode can be increased. Therefore the large 
number of the electrode the better image can be reconstructed. 
A high electrode number results in high resolution for the 
images, but because electrodes are smaller, measurement 
sensitivity will be lower compared to a sensor with few 
electrodes. Sensitivity can be increased in a sensor, by using 
bigger electrodes, although this will decrease resolution. If 
high axial resolution is required, a small number of short 
electrodes can be used together with separately excited axial 
guard electrodes, which prevent the electric field from 
spreading excessively at each end of the sensor electrodes.
In this research, 16 electrodes have been fabricated onto 
the 110mm diameter pipeline. It is very important that the 
pipeline material must be pure insulator to ensure that it has no 
effect on the measured signals. The thickness of the pipeline 
will influence the value of measured standing capacitance.  
Either the permittivity (?) of the material or the thicker the 
pipe wall become larger, it will create the higher standing 
capacitance.  The thickness of pipeline should be small to 
minimize the field divergence.  However, other factors, such 
as the requirements of corrosion, abrasion and temperature 
resistance, and the temperature stability, may limit the 
selection of the pipeline material [11].Fig. 2 shows an 
arrangement of 16 electrodes sensor on pipelines that has been 
designed in this project to cover an acrylic pipe 11 cm in 
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diameter with wall thickness of 0.5 cm, R1 is inner pipeline 
radius 5cm , R2 is outer pipeline radius, 5.5cm and electrode 
stretch angle ? is 22.5°. 
In ideal condition, pipeline thickness is zero, thus the radius-
electrode ratio, ? (where ?=R1 /R2) is equal to 1. High 
electrode covering ratio can get high image fidelity [12].The 
smaller radius-electrode ratio is, the more serious the effect of 
pipeline thickness becomes. Pipelines thickness has significant 
influence not only on capacitance but also on image. The 
maximum capacitance change is gotten at ? = 0.85, which is 
beneficial for capacitance measurement and image 
reconstruction [13]. In this research the radius electrode ratio, 
? is 0.9 which can be considered. The placement of electrodes 
on the outer surface is done carefully to ensure that the electric 
field produce during the excitation is equally distributed 
among the detecting electrodes. Due to this, the circle (cross-
section) of the pipeline is divided equally into sixteen sectors, 
which each sector is 22.5 o, as shown in Fig. 3. The total width 
for one section is only 21.6 mm. 
Figure. 2 Arrangement electrode sensors on pipeline 
Figure 3: Illustration of Sixteen sectors of portable ECT 
TABLE 1 TYPICAL ELECTRICAL CONDUCTIVITIES
III. PORTABLE SENSOR ELECTRODES DESIGN
The material of the electrode must be highly conductive 
material, such as copper, aluminum, silver, brass, tungsten or 
iron. Table 1 shows comparison between some high 
conductivity materials.  Copper has been chosen because it can 
be found on any bare Printed Circuit Board (PCB).  Despite 
the fact that the copper is a highly conductive material, which 
is desirable in an ECT system, the cost of this material is low 
and it is easy to be fabricated.   
In an ideal ECT sensor, the electric field lines will be normal 
to the sensor axis.  However, if the electrodes used are short 
compared to the diameter of the sensor, the electromagnetic 
field lines will spread out at the ends of the electrodes.  This 
will have two consequences: First, the capacitance measured 
between electrodes will be reduced and hence the 
measurement sensitivity will also be reduced.  Second, the 
axial resolution of the sensor will be degraded because of the 
axial spreading of the field lines at the end of the electrodes.  
The purpose of the guard electrodes is to maintain a parallel 
electric field pattern across the sensor in the region of the 
measuring electrodes, by preventing the electric field lines 
from spreading axially at the ends of the measuring electrodes.  
This improves both the axial resolution and the sensitivity of 
the sensor.  Other than that, earthed guard electrode tracks 
may also be needed between adjacent measuring electrodes to 
reduce the standing capacitance between adjacent electrodes to 
a value low enough to avoid overloading or saturating the 
capacitance measuring system.   
In this research, the portable ECT is developed, by using 
special design PCB, as shown in Fig. 6. The sensor module is 
made by a double layer copper plated FR4 (r = 4.6) PCB 
with the thickness of 1.6mm. The FR4 is a widely used 
stiffener for flexible PCB and it is cost efficient solution for 
high-end application involving impedance control and high 
frequency. Compare to the past design on ECT system, the 
new electrode sensor not longer be bended and stick on the 
pipe wall. This sensor arranged symmetrically in hexadecagon 
surrounding the pipeline. Each electrode sensing has 19mm in 
width, and 100mm in length sensor area, copper and driven. 
The 100mm length of sensor is chosen because the axial 
length of electrodes is related to inter-electrode capacitance, 
signal bandwidth and measurement uncertainty of measured 
media. Longer electrodes produce an average signal over a 
greater axial length, which results in bad dynamic 
performance. Shorter electrode may result in capacitance too 
small to be measured accurately [14] and normally, the 
electrode length is chose as 10 cm [15]. 
The driven guard has been intergraded onto electrode sensor 
in order to prevent the electric field lines from spreading at the 
ends of the measuring electrodes. These driven guard 
electrodes will surround the circumference of the pipeline 
once all the 16 electrodes have been installed on pipeline. The 
length of the guard electrodes is 33mm on the left, and 43mm 
on the right, as shown in Fig.4.The measuring electrodes must 
be completely surrounded by an earthed, metal screen so that 
the signals obtained in the signal conditioning circuit will not 
be influenced by the disturbance in the air.  In this research, 
the earth screen is located on the top layer of the electrode 
PCB as shown in Fig. 5. These sensing plates are covered by 
an insulated metal screen called the earth screen. The material 
used for the sensing and screen layers is a copper surface 
designed using double layer Printed Circuit Board (PCB).The 
earth screen covers the all the surface on the top layer. Based 
on the concept, the electrode sensor for ECT is created, by 
using special design PCB, as shown in Fig. 5. 
IV. ELECTRODES CONNECTING TEHNIQUES
In a practical ECT system, there are three main sources of 
stray capacitance which affect the capacitance measurement: 
screened cable, CMOS switches and sensor screen [16][17].  
A 1m long screened cable connecting the sensing electrode to 
the measuring circuit introduced about 100pF of stray 
capacitance.  Typically the input capacitance of a CMOS 
switch that is used to select the electrode mode is 8pF.  
Besides, the sensor screen outside the sensing electrodes is 
unable to eliminate all the external noise, and thus contribute 
to the stray capacitance.  The total stray capacitance is about 
150pF, which is much larger than the measured capacitance.  
Additionally the stray capacitance may vary with cable 
movement, ambient temperature changes, component variation 
and external or internal electric field changes. 
Figure 4: Electrode’s dimension 
Figure 5: An overview of a complete electrode sensor design
Figure 5: An overview of a complete electrode sensor design 
In most of the previous research regarding ECT, the signals 
from the sensor electrodes are usually connected to the signal 
conditioning circuit by using coaxial cable.  Coaxial cable is 
able to shield disturbance or stray capacitance and thus 
introduced a very low noise solution.  However, the cable 
connecting the measuring electrode and signal conditioning 
circuit introduced the most stray capacitance.  Therefore, the 
connecting cables should be as short as possible, and the best 
solution is not to use cable at all, as implemented in this 
research.   
In this research, the electrodes are connected to the signal 
conditioning circuit directly without cable. Several PCB 
sockets are soldered directly onto the electrode, as illustrated 
in Fig. 6. It is a necessary to rubdown the solder lead in order 
to make sure the sensing area is flat when stick on the pipe 
wall.  Next, the electrode will be directly connected to the 
measuring circuit with male part connectors, as shown in Fig. 
7.  Hence, the connection from electrode sensor to signal 
conditioning circuit can be very short and the total height is 
only 10cm, it can be shown in Fig. 8.   
Each of the signal conditioning circuits is unique, and is 
able to work independently because all the measuring 
operations are controlled by a single microcontroller on the 
circuit.  And each of the circuits consist of signal switching 
circuit, signal detection and amplifier circuit, absolute value 
circuit, low pass filter circuit, programmable gain amplifier 
(PGA), analog to digital converter circuit and a 
microcontroller control unit.  The desire sequence operation of 
electrode’s signal selection, measuring data and conversion 
data is depended on programming in the microcontroller.  The 
electrodes sensor in this research is designed in a way that it 
can be plugged directly onto the PCB sockets of the signal 
conditioning circuit becomes a single sensing module.  
Figure 6: Electrode with PCB sockets mounted onto it 
   Bottom view 
Figure 7: Measurement circuit with pin connectors 
Figure 8: Electrode sensor and measuring circuit 
Connector height = 8mm 
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These sixteen boards are interconnected by using a 26 
way IDC cable.  This design had eliminated the need to use 
cables to connect the electrodes and signal conditioning 
circuits. Besides, this design is able to cut down the 
maintenance cost of the system.  In the case where only one 
sensing module is malfunctioning, users can simply change it 
by plugging out the board and replace it with a new board.  Fig. 
9 shows the sensing module and Fig. 10 shows the complete 
module of Portable ECT. 
V. ECT MEASUREMENT CIRCUIT
Accurate data is only get with a good design in sensing 
electronics that able to eliminate noises. An important issue 
with instrumentation design is the performance of the circuit 
in the presence of noise, which is generated by external 
interference and thermal effects within components [18].  An 
ideal capacitance measuring system will have a very low noise 
level, a wide dynamic measurement range and high immunity 
to stray capacitance. The capacitance value in measured would 
be from the range from a few to hundreds fem to farads. 
In this research, the signal conditioning system will 
measure the capacitance produced by the electrode pairs when 
a 500 kHz sine wave voltage with the amplitude of 25Vp-p is 
injected to one of the electrode pair.  With a 500 kHz 
excitation signal, the circuit has good linearity and stability 
[19]. 
Figure 9: Sensing Module 
Figure 10: Complete Portable ECT sensing module 
The determination of which electrode that will be injected 
with sine-wave is controlled by switching and controlling unit.  
In the receiving electrodes, the signals will be conditioned 
through several stages, including the AC based capacitance 
measuring circuit, amplifier circuit, AC to DC converter 
circuit and filter circuit.   
In selecting and designing a capacitance measuring circuit, 
the stray-immune AC capacitance measuring circuit was 
selected. A stray-immune circuit measures only the 
capacitance between the selected pair of electrodes, and is 
insensitive to the stray capacitance between the selected and 
redundant electrodes, and those between the selected 
electrodes and earth.  Output signal from the sensor plate 
flows into AC based capacitance measurement circuit is 
measured in order to get the capacitance value in between the 
excitation electrode and receiving electrode. An AC-based 
capacitance measuring circuits using an operational amplifier 
(Op-amp) with resistor feedback, which directly measure the 
AC admittance of an unknown capacitance. In this research, 
the detector and ac amplifier circuit in used is shown in Fig. 
11.
From Fig. 11, Cx is a standalone capacitance with an 
unknown dielectric property in between the plate.  Since Cs1 is 
directly driven by the voltage source, it has no effect on the 
measurement of Cx provided that the output impedance of the 
voltage source is small enough. Cs2 has no effect on the 
measurement of Cx because the feedback point of the Op-amp 
is kept at virtual earth and there is no potential difference 
across Cs2. Therefore, this capacitance measuring circuit is 
inherently stray-immune.  The excitation voltage Vi is applied 
to the unknown capacitance Cx. A wide bandwidth operational 
amplifier, with a feedback capacitance Cf and a feedback 
resistance Rf, convert the current into an ac voltage, V0 given 
by; 
i
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o VRCj
RCj
V
1+
−=
ω
ω (2) 
Where ? is the angular frequency of the excitation voltage.  
When the capacitance feedback is selected to be dominant, i.e.  
f
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1 ,as  in (1) becomes; 
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CV −=     (3) 
This AC signal is amplified further by an AC amplifier to 
accommodate a large range of capacitance values.   
Figure 11: Detector circuit and AC amplifier circuit 
VI. IMAGE RECONSTRUCTION
A. Data Transfer 
The data transfer rate of the USB communication depends on 
the data acquisition rate of the system.  The data acquisition 
rate is counted based on the time where the system collected 
all the measurement data in one frame.  The minimum data in 
one USB frame of data transferred to PC is pre-determined by 
full frame data in a 16 electrode ECT system, which is 120.  
The data transferred to PC is in digital format as shown in 
TABLE 2.   
TABLE 2      DIGITAL DATA THAT TRANSFER TO PC FOR
                        IMAGE RECONSTRUCTION
ADC module in the system has the ability to convert data to 10 
bits digital. However, the data obtained in this research has 
been converted to 8 bit or known as 1 byte, which is 
convenient to be sent to computers.  Thus data is varying from 
0 to 255. To reduce noise level in the system, every channel 
excitation time is set to 1ms.  Since an ADC conversion only 
needs 600ns, the conversion time can be ignored in the 
calculation.  After 15 channels act as excitation electrode by 
turn, 1 frame of data, including other peripheral data collection 
from ADC chips, is successfully collected in a an approximate 
speed of 16ms.  The data is then immediately sent to PC via 
USB to RS-232 emulator at the baud rate 921.6kbps.  63 fps 
data can be collected in PC when image reconstruction 
algorithm is no running.  In actual, the frame rate however has 
been reduced to 25fps due to data processing.   
B. Graphical User Interface 
These  section shows the capability of the developed system 
in visualizing two phase flow inside a pipeline and discusses 
on the data reconstruction for pipeline that contains two types 
of material, liquid-gas. In order visualize the image 
reconstructed the Graphical User Interface (GUI) is developed. 
The GUI is created to performing online and offline image 
reconstruction, displaying the tomogram, selecting different 
image reconstruction algorithm, displaying the distribution of 
materials in the pipeline and others.  Fig. 12 shows the 
mainframe of the GUI. 
This GUI is used to display the data collected, tomogram, 
frame rate, distribution of low permittivity and high 
permittivity material, image reconstruction algorithm 
performed and the current status of the GUI.  The analysis 
result can be displayed in tomogram form, numeric form and 
also bar graph form. 
Figure 12:  ECT system main GUI 
VII. RESULT
A. Two Phase Flow Visualization Analysis 
A pipeline with a diameter of 110 mm and pipe wall 
thickness of 6 mm was used for two phase flow measurement 
experiments,  water/air flow.  The concentration measurement 
based on pixel value provides a more accurate reading than the 
concentration measurement based on sensor value [20].  Thus 
the concentration measurement based on pixel value will be 
analyzed in this section.  In the first part of the experiment, the 
concentration of water is varied from 10% to 100% in a step 
size of 10% of the pipe diameter.  The resulting images, based 
on the linear back projection algorithm are shown in Fig. 13. 
(a) 10% water, 90% air flow 
(b) 20% water, 80% air flow 
(c )30% water, 70% air flow 
(d) 40% water, 60% air flow 
(e) 50% water, 50% air flow 
(f) 60% water, 40% air flow 
(g) 70% water, 30% air flow 
(h) 80% water, 20% air flow 
(i) 90% water, 10% air flow 
(j) 100% water, 0% air flow 
Figure13: Reconstructed image obtained for different flow concentrations of 
water and air two phase flow (a)-(j) 
Fig. 13 shows images on the GUI when running the  
reconstruction program in real-time.  The processing speed is 
25 frames per second, which depends on the speed of 
computer processor.  As shown in the picture, color tone 
represents concentration of water in the pipe.  Concentration 
of water varies from low (white) to high (black).  For instance, 
50% water, 50% air flow in the pipe produces a reconstructed 
image having white in half region and black in the other half 
region. Fig. 14 shows the comparison between the actual 
concentration and the concentration obtained from 
measurement for the water and air flow experiment. 
Figure 14: Comparison between actual concentration and concentration 
obtained from measurement for water/air flow 
Comparison between actual concentration and concentration obtained from measurement
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Refer to Fig. 14, concentration measured from the system 
and the actual concentration within 5%. The accuracy of the 
reconstructed image depends on two factors: the temperature 
in the pipe and the calibration method. When hardware 
surrounding the pipe is turned ON its temperature increases, so 
drift can be occur. Also, error may occur during calibration of 
normalized voltage. Increase of temperature and calibration 
error causes errors in the reconstructed image. 
VIII. CONCLUSIONS
The fabricating of the sensors electrodes and designing the 
sensing module had been described.  In short, a portable non-
invasive sensor system is designed and fabricated, because 
there is no mechanical interaction between the fluid in the 
measurement plane and the electrodes.  The system is 
designed so that it does not use cables to connect the 
electrodes and the signal conditioning circuit.  This eliminates 
the cable noise. Other than that, stray immune capacitance 
measuring circuit is implemented so that the circuit measures 
only the standing capacitance between the electrodes without 
affected by stray capacitance in the circuit. Every sensing 
module has its own microcontroller unit make the sensor could 
be worked independently. 
A new On-board sensing plate offers a new design and idea 
on ECT system which is portable to be assembled in different 
diameter sizes of pipeline, and it’s flexible to apply in any 
number due to different size of pipeline without redesign the 
sensing module.  
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